Cellulose widely exists in plant tissues. Due to the large pores between the cellulose units, the regular paper is nontransparent that cannot be used in the optoelectronic devices. But some chemical and physical methods such as 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) oxidation can be used to improve the pores scale between the cellulose units to reach nanometer level. The cellulose nanofibers (CNFs) have good mechanical strength, flexibility, thermostability, and low thermal expansion. The paper made of these nanofibers represent a kind of novel nanostructured material with ultrahigh transparency, ultrahigh haze, conductivity, biodegradable, reproducible, low pollution, environment friendly and so on. These advantages make the novel nanostructured paper apply in the optoelectronic device possible, such as electronics energy storage devices. This kind of paper is considered most likely to replace traditional materials like plastics and glass, which is attracting widespread attention, and the related research has also been reported. The purpose of this paper is to review CNFs which are applied in optoelectronic conversion and energy storage.
Introduction
Cellulose mainly exists in plant cell walls; the hierarchical structure of the plant cell walls is complicated; fiber in the cell wall is a kind of nature nanostructure cellulose. CNFs are rapidly developed since Turbak found microfibril in 1983. The CNFs preparation and their application in composite materials are widely reported. Nanofibers are defined as nanosized fiber with size of less than 100 nm. Although they are thin, they have high aspect ratio and strong mechanical properties. The three-dimensional (3D) hierarchical structure is demonstrated in Figure 1 . CNFs whose surface contains abundance of light base group have a kind of extremely potential reinforced material, which can replace traditional materials such as glass and plastic. Our country is rich in timber resource, which can be used to extract CNFs. CNFs extracted from tree have excellent performance such as renewability, low consumption, low density, biocompatibility, biodegradability, and being environmentally friendly. The characteristics have extremely far-reaching significance to utilize the function and high added-value of CNFs.
In addition to the characteristics described above, CNFs also have some advantages which are abundance of resource, high aspect ratio, and specific surface area. Simultaneously, nanofibers can be interwoven into mesh tangles in polymer structure. These nanofibers maintain strong mechanical strength and flexibility.
As we know, paper is made from cellulose in wood fiber. There is great difference between the traditional paper and the novel nanostructured paper. Under the same deposition conditions, traditional papers consisting of microsized pulp fibers produce very low conductivity lines with nonuniform boundaries because of their larger pore structures. Although they are both composed of lignocellulose, CNFs paper, as low-cost substrate for flexible electronics and energy devices, has gained extensive attention because of its flexibility, thermostability and low thermal expansion, highly ultrahigh transparency and ultrahigh haze, conductivity, biodegradable, reproducible and low pollution environment friendly. The novel paper application in optoelectronic devices is an emerging research area gathering significant attention. Many recent advances in application of nanofiber involve The three-dimensional (3D) hierarchical structures show the hierarchical structure of cellulose from the wood cell wall to microfibril to nanofibril to a cellulose molecule [7] .
fabricating electronic devices, such as displays, transistors, batteries, sensors, and solar cells [1] [2] [3] [4] . Paper electronics is an attractive solution for low-cost applications since it is renewable, scalable, light weight, mechanically flexible, and disposable [5, 6] . In this paper we mainly review the preparation methods of CNFs and the properties of the nanostructured paper and expound the special application in energy storage devices.
CNFs
Cellulose is linear polymers composed of the group Dglucose by 1,4--glucoside connection. The fundamental unit of cellulose is cellulose elementary fibril, and 36 cellulose molecules that link together form a cellulose elementary fibril whose length is about 30 nm. Cellulose elementary fibril is composed of cellulose microfiber with diameter of 10-20 nm and length of several hundred nanometers to a few microns. Microfiber constitutes the fiber which is the primary substance of the tree. [9] found the acid hydrolysis conditions of commodity cotton pulp, which is in 45 ∘ C with 6.5 M H 2 SO 4, processing in 75 minutes to get nanometer crystallite length in 150 ± 50 nm, diameter of 14 ± 5 nm, and has good thermal stability.
Preparation of CNFs

Physical Preparation of CNFs.
Mechanical grinding is often used to manufacture cellulose. Nakagaito and Yano [10] found that the pulp ground 16-30 times can completely extract the CNFs. Chakraborty et al. [11] obtained nanofibers by grinding the pulp in 125000 rpm.
High intensity ultrasonic treatment is also a kind of effective method of preparation of CNFs. Pretreatment of fibers will be diluted to 0.05% of suspension, and then using 20-25 kHz ultrasonic treatment for 30 minutes, CNFs with diameter of 30-80 nm will be obtained. The advantage of physical preparation method is a very simple operation and without impurities, but this method causes large energy consumption and it is easy to form flocculation.
Biological Preparation of CNFs.
Cellulose enzymes are often used to prepare CNFs and cellulose enzymes are able to attack the amorphous regions of the fiber so that the fiber structure splits easier. Since, only the enzyme treatment is hard to get CNFs, mechanical treatment must be combined to get qualified CNFs. Janardhnan and Sain [12] found that the enzyme-treated fibers in the high shear grinding can obtain a smaller size microfiber. Pääkkö et al. [13] mechanically dispersed the fibers that have disposed with the enzyme getting spindle-shaped nanofibers.
Bacterial cellulose is another method to prepare nanofibers. Bacterial cellulose is firstly reported by Brown in 1886. Under the appropriate condition, Acetobacter xylinum can secrete cellulose microfibril in diameter of 1.78 nm by concatenating glucose with D-glycosidic bond to form polydextrose. Due to the effect of hydrogen bonding, bacterial cellulose microfibril will form a fiber ribbon with length and width of 30-100 nm and thickness of 3-8 nm.
TEMPO-Oxidized CNFs.
The chemical and biological method is low yield and difficult to control, so it cannot perfectly prepare CNFs. TEMPO-oxidized CNFs have attracted widespread attention. Individualized CNFs with width of 3-4 nm and length of at least a few microns from wood were prepared completely by 2,2,6,6-tetrame-thylpiperidine-1-oxyl radical (TEMPO-) mediated oxidation under moderate aqueous conditions [14] [15] [16] . The process of TEMPO oxidized CNFs is as follows.
The application of TEMPO catalytic oxidation has opened up a new field of effective and selective conversion chemistry of alcoholic hydroxyl groups to ketones, aldehydes, and carboxyl groups under mild conditions. The related studies have been extensively carried out in recent years [17, 18] . Particularly, deNooy et al. first applied TEMPO-mediated oxidation to water-soluble polysaccharides such as starch, amylodextrin, and pullulan for regioselective conversion of C6 primary hydroxyls to carboxylate groups. Isogai et al. [19] reviewed preparation methods and fundamental characteristics of TEMPO-oxidized CNFs. Catalytic amounts of TEMPO and NaBr were dissolved in polysaccharide solutions at pH 10-11, and oxidation was started when NaClO solution was added as a primary oxidant. The efficient conversion of primary hydroxyl groups to carboxylates via aldehydes is hypothesized to proceed according to the mechanism shown in Figure 2 [20, 21] . All kinds of TEMPO-mediated oxidation reactions of mono-, oligo-, and polysaccharides for conversion of primary hydroxyls to carboxylate groups have been reviewed.
According to the approach shown in Figure 3 , the C6 primary hydroxyls of cellulose were oxidized to C6 carboxylate groups by TEMPO/NaBr/NaClO oxidation in water at pH 10-11. The oxidation process can be indicated from the pattern of aqueous NaOH consumption, which is continuously added to the reaction mixture to keep the pH at 10 during the oxidation. When TEMPO/NaBr/NaClO oxidation was applied to native cellulose even for extended reaction times or under harsh oxidation conditions, almost no or only a small number of water-soluble products were obtained [22] . On the other hand, pulp of regenerated and mercerized cellulose and ball-milled and liquid NH 3 -treated native cellulose became clear solution when the oxidation proceeded; water-soluble oxidized products were obtained in this fashion. The oxidized products had almost coessential chemical structures of sodium (1/4)-b-D-poly-glucuronate or Na salt of cellouronic acid consisting of D-glucuronosyl units alone. So the C6 primary hydroxyls of cellulose can be entirely and selectively converted to C6 Na carboxylate groups by TEMPO-mediated oxidation. It was demonstrated that not only are C6-carboxylate groups formed by the oxidized TEMPO but also NaBrO and/or NaClO exist in the TEMPO/NaBr/NaClO system at pH 10 (see Figure 3 ).
Structures of Cellulose Nanopaper
The basic structure of CNFs determinates the light transmittance of paper. Wood pulp for paper is primarily comprised of cellulose, and most lignin hemicellulose is removed during the pulping and bleaching procedure. Cellulose is polymerized by a repeating unit of glucose. There are many components of ether, hydroxyl, carbon-carbon, and carbonhydrogen bonds in the cellulose, so it does not adsorb light in the visible wavelength, which renders the pure cellulose colorless.
Traditional paper is made of fibrous network permeated by microsized air cavities, and the different refractive indices of the cellulose and air (1.5 and 1.0, resp.) lead to the light scattering at the fiber surfaces, so traditional paper is opaque. Fang et al. [23] reported that all the fibers are arranged into a random fibrous network with lots of microsized air cavities in a traditional paper substrate (see Figure 4 (a)). Due to the fact that the size of the fibers is much larger than the visible wavelength, incident light will largely scatter. This large difference between refractive indexes invokes slight scattering at the fiber surfaces and is revealed as the nontransparent paper. For paper made of bleached softwood kraft fibers, the specific mass attenuation coefficient is 200-350 cm 2 g −1 and the specific light absorption coefficient is 1-10 cm 2 g −1 [24] . In comparison with regular paper, CNFs with diameter of 5-30 nm are used to fill the pores within the paper and, thus, microsized pores that cause light scattering are reduced to nanosize by adding CNFs via a papermaking method. Consequently, minimal light scattering occurs due to the reduced number of open spaces and matched refractive index between the effective index of the transparent paper and air, which allow more light to pass directly through the paper rather than getting scattered (Figure 4 
Properties of CNFs Paper
Mechanical Property.
The mechanical properties of paper play an important role for the optoelectronic device. A SEM image of the nanopaper dried after filtration from a water suspension is shown in Figure 5 (a). This SEM image shows that the nanofiber cellulose is randomly distributed in flat. Although we observe the nanopaper looks like a thin plastic film with the naked eye, in fact it has a unique porous structure in the nanoscale that makes a difference with traditional transparent substrates. The typical size of pore is 10-50 nm. The fiber porous network structure makes the nanopaper own excellent flexibility. The cross profile ( Figure 5(b) ) shows that the nanopaper has a layered nanoporous structure. This structure enables the nanopaper to bend the electronics devices based on the effective release of the stress in the active layers generated. Due to the tightly packed nanofibrillar network and numerous fiberfiber hydrogen bonds, the remarkable high tensile strength, Young's modulus, and toughness become other interesting properties of the transparent nanopaper. These properties make the transparent nanopaper ten times stronger, lighter, and more flexible than traditional paper. The typical stressstrain curve for nanopaper with different porosities is shown in Figure 5 Figure 3: Regioselective oxidation of C6 primary hydroxyls of cellulose to C6 carboxylate groups by TEMPO/NaBr/NaClO oxidation in water at pH 10-11 [19] .
with its porosity, nanopaper's tensile strength relates directly to its fabrication process [25] , and the stress-strain curves for nanopaper were compared in Figure 5 (d), Polyethylene terephthalate (PET) and regenerated cellulose film (RCF). The nanopaper has higher tensile stress than PET, but a lower strain-to-failure. The high mechanical strength gives nanopaper huge potential in roll-to-roll printed electronics.
Optical Properties.
Other fascinating properties of CNFs paper are ultrahigh transparency and adjustable optical haze. The regular paper is nontransparent, but the CNFs paper can be transparent when it is fabricated with nanofibers. This property makes the nanopaper become a possibility as a transparent substrate. The maximum transparency among all current reports on glass and plastic is about 90% but with a very low optical haze (<20%) [15, 26, 27] . Optical haze quantifies the percent of the transmitted light that diffusely scatters, which is preferable in solar cell applications [28, 29] . Optical transparency and haze are inversely proportional values in various papers. Plastic has transparency of about 90% but with an optical haze of less than 1% [30] . Fang et al. [31] recently investigated highly transparent and hazy paper with hybrid cellulose. They research a novel transparent paper based on wood fibers, which has an ultrahigh optical transparency (∼96%) and simultaneously an ultrahigh optical haze (∼60%).
Nogi et al. 's experiment results [5] are shown in Figure 6 (a). The dried sheet was not optically transparent but translucent and has plastic film-like appearance indicating that light scattering in the bulk sheet is significantly suppressed. In other words, the lack of transparency seemed to be caused by surface light scattering. When the sheet is polished using emery paper (4000 grit followed by 15000 grit), it becomes transparent. The regular light transmittance levels of the sheet before and after polishing are compared in Figure 6 (a) (sheet thicknesses are 60 m before and 55 m after polishing, resp.). The light transmittance of the CNFs sheet upon polishing reached 71.6%, including surface reflection (Fresnel's reflection) at a wavelength of 600 nm. Despite the plastic-like transparency, the sheet is as foldable as conventional paper (Figure 6(b) ).
The achievement of optical transparency in the CNFs paper by smoothing the surface suggests various approaches for making functional transparent cellulose sheets. Smooth surfaces can be obtained by the lamination of optically transparent plastics, such as polycarbonate films, on the nanofiber paper by exploiting the thermal softening temperature of thermoplastics while avoiding thermal deterioration of cellulose (Figure 7(a) ). This would greatly contribute to the simplification of the roll-to-roll process as well. Another approach would be to deposit transparent resins on the surface (Figure 7(b) ), or even transparent conductive materials, like indium tin oxide (ITO), using a spin-coater. Ink-jet printers may allow the drawing of precise transparent and functional patterns on the sheet via the addition of functional nanoelements to the ink (Figure 7(c) ). As cellulose is highly hygroscopic, transparent-CNFs sheets without chemical modification are liable to dimensional instability [33] . These surface-smoothing approaches would not only impart high optical transparency but also act as moisture barriers to the CNFs sheets. The optical haze and transmittance of transparent paper can be tuned by the porosity and the size of CNFs. It is critical to design transparent paper with tunable optical properties with low-cost processes.
Thermal Expansion and Thermal Durability Properties.
Most electronic devices sustain a heat treatment at a temperature of approximately 300-500 ∘ C to obtain the optimal performance [32] . The devices must be fabricated on inorganic silicon or glass substrates, which have high thermal durability and low thermal expansion, so the thermal properties of CNFs paper are very important for its application in optoelectronic devices [34] . Thus CNFs paper must endure temperature during the process without wrinkling, tinting, or thermal decomposing. The DP of original cellulose begins to decrease around 250 ∘ C, and extensive degradation of cellulose occurs when the temperature is over 300 ∘ C [35] . Thermal chemical degradation and coefficient of thermal expansion (CTE) of transparent paper can be tested by thermogravimetric analysis (TGA) and thermomechanical analysis (TMA).
The CNFs paper is different from regular paper due to a change of particle type and surface modification; there is a decrease in the initial decomposed temperature of cellulose that was observed when it was tested by TGA [36] . Figure 8 (a) displays the TGA curves of original cellulose. Fukuzumi et al. [37] found the thermal decomposition temperature decreased with an introduction of sodium carboxyl group into cellulose by TGA. Hsieh et al. [38] presented only a cellulose nanopaper with a high thermal stability that can be used to fabricate conductive circuits in 2013. As shown aforementioned CNFs and pulp paper were stable, but these properties were altered for photo paper when it was exposed to different processing temperatures and treatment times (Figure 8(b) ). The optical transmittance of transparent paper remained unchanged, and no obvious change of the surface morphology was observed after it was treated at 150 ∘ C for different processing times (Figure 8(c) ).
The CTE of crystalline cellulose in the axial direction is around 0.1 ppm K −1 , which is more than an order of magnitude lower than plastics, most metals, and ceramics [39, 40] . The optically transparent paper made of CNFs has a CTE of <8.5 ppm K −1 , which is much lower than plastic (CTE, 50 ppm K −1 ). This is desirable for electronic devices since it can maintain the dimensional stability under thermal processing condition [5] . The Ashby plot of CTE versus Young's modulus is shown in Figure 8(d) [41] . CNFs paper shows lowest CTE compared to regenerated cellulose film (RCF) and PET, which has the potential to replace current plastic to fabricate flexible electronics.
The CNFs for Optoelectronic Conversion and Energy Storage
Optoelectronic devices, such as mobile phones, displays, organic light-emitting diodes lighting (OLED), and solar cells, are manufactured by process that involves extreme conditions, such as high temperatures, high vacuum, which must be fabricated on glass or inorganic silicon substrates and have high thermal durability and low thermal expansion, so these devices are heavy and inflexible. In order to fabricate flexible, lightweight, high thermal expansion and low thermal durability, paper substrates have been attracting attention for consumer electronics applications.
Energy Storage with Conductive
Paper. The energy storage system involving liquid electrolytes can utilize our CNFs paper because its interconnected porosity allows fast access of ionic species to the electrode surfaces [7] . Researchers try to render electrical conduction in CNFs paper, so the conducting materials such as graphene [42] , carbon nanotubes (CNTs) [43] , and conductive metal oxide [44] can be integrated. Pushparaj et al. [45] developed a method to dissolve unmodified cellulose fibers in a room-temperature ionic liquid, 1-buty1,3-methylimidazolium chloride. The cellulose solution was then coated onto vertically grown CNTs to 
and conductive polymers, (f) ranging from the molecular level to nanofibrils and the microfiber level [7] .
form the conductive paper, which can be used as an electrode for super capacitors and lithium-ion batteries (Figure 9(a) ). The similarity in dimensions of the CNFs and CNTs allows uniform mixing of the two materials at the nanofibrils scale, following a highly conductive porous composite suitable for high surface area electrodes (Figure 9(b) ) [46] . Conductive polymers are also widely used to coat CNFs. Polypyrrole has been found to wet cellulose very well, and polymerization of pyrroles on the surface of cellulose turned out to be conformal coatings of polypyrrole on the CNFs [47] . Coating of CNFs aerogel was demonstrated by using a polyaniline-dodecyl benzene sulfonic acid doped solution in toluene [48] .
Nonunique Meyer rod coating of CNTs ink onto commercially available photocopy paper was shown to be highly effective in conductive paper with a sheet resistance of around 10 Ω/sq. The high conductivity was attributed to the strong solvent absorption properties of the porous paper structure and the conformal coating of flexible CNTs on the CNFs to form continuous electrical conduction pathways. Conductive paper made from CNFs also demonstrates excellent mechanical properties.
Due to the hydrophilicity of CNFs, conductive paper as electrodes has been widely used in supercapacitor. Unmodified CNTs are hydrophobic, and their applications in super capacitors have been impeded by poor electrolyte wetting. By using CNFs as a substrate for the carbon matrix, aqueous electrolyte can be easily absorbed into the electrode, providing intimate contact between the carbon electrode and electrolyte [49] . For lithium-ion battery applications, the use of conductive nanofiber paper offers new opportunities in fabricating highly flexible electrodes.
Zheng et al. [7] studied the new development of CNFs and discuss how to combine CNFs with other nanomaterials to expand the application in supercapacitor. They utilize the regular paper with high porosity that can suck conductive ink as the substrate and then coat CNT directly on it. It is found that the paper coated with CNT as a supercapacitor electrode demonstrated excellent performance with a capacitance of 200 F/g and stable capability for more than 40000 cycles. The electrode of graphene-nanofiber paper also boasted a good capacitance of 120 F/g; 99% maintained up to 5000 cycles. They also provided another simple method to fabricate super capacitors, taking graphite pencil/nanofiber paper for electrode, water as electrolyte capacitor. The capacitance is around 2.3 mF/m 2 after 15000 cycles of charge/discharge, and this device maintained over 90% initial value.
CNFs can be used for energy storage base-materials, due to their porous structure promoting the diffusion of ions. Gui et al. [50] have given a strong proof for this conclusion by comparing the base-material of supercapacitor with the holes without holes. They use solution dip and electrodeposition method to prepare hybrid electrode of paper/CNTs/MnO 2 (P-CM), paper/Al 2 O 3 /CNTs/MnO 2 (P-ACM), and paper/CNTs/MnO 2 /CNTs (P-CMC). However, for the Al 2 O 3 coated CNFs paper, owing to the nonporous Al 2 O 3 layer, the pores on the surface of CNFs will be blocked. Comparing the P-CM and P-ACM, the P-CM-base super capacitor has better electrochemical performance than the latter, and CNFs are very conducive to the ion diffusion. Furthermore, comparing the P-CM and P-CMC, P-CMCbased electrode has superior capacitive performance for its dual ion diffusion pathway. The nanofiber paper-based electrode demonstrates excellent cycling performance, and the retention of its capacity is 85% up to 50000 cycles. This study illustrated fully that hole cellulose fiber is very conducive to the ion diffusion and it is a great potential material of super capacitor.
CNFs for Optoelectronic Conversion.
A new outcome has been reported by Fang et al. [31] novel nanostructured paper with ultrahigh transparency and ultrahigh haze for solar cells. Because it is a kind of natural materials, this CNFs paper is more environment friendly than traditional substrates such as glass and plastic [51] [52] [53] . The maximum transparency of regular substrates is high about 90%, but its optical haze is very low (<20%), while CNFs paper has not only ultrahigh optical transparency (∼96%), but also ultrahigh optical haze (∼60%).
The CNFs paper with ultrahigh transmittance and high transmission haze has potential applications in solar cells [31] . The light scattering effect of transparent paper can improve the path of light traveling through the active layers of thin film solar cells resulting in an enhanced light absorption. An experiment is implemented that, as shown in Figure 10 (a), TEMPO-oxidized wood fibers were directly coated onto the surface of a silicon slab and transparent paper laminated onto the surface of silicon using CNFs as a binder to analyze any resulting enhancement of light absorption in the silicon. The possible mechanisms are as follows: (1) the index of transparent paper that is between the values for the Si substrate and air, which can effectively decrease the index contrast and lower the reflection for light entering from air to Si (Figures 10(b) and 10(c)); (2) a large light forward scattering effect of transparent paper, which can increase the path length of light in the Si layer (Figure 10(d) ); and (3) an ultrahigh optical transparency up to 96% of transparent paper. These effects make transparent paper fundamentally better than plastic substrates for thin film solar cells.
The direct incident light is scattered as it propagates through the transparent paper, generating a high transmission haze (Figure 10(d) ). To quantitatively explain the light scattering effect of transparent paper, an optical setup consisting of a rotating light detector is applied to measure the angular distribution of transmitted light. Light passing through transparent paper exhibits high diffuse scattering with an expected inverse Gaussian-like pattern (Figure 10(e) ). Transparent paper delivers a maximum scattering angle of 34 ∘ . The light scattering effect is also visualized in Figure 10 (f). A laser with a wavelength of 532 nm and a beam diameter of 0.4 cm passes through transparent paper and forms a larger illuminated circular area on the surface of the target with a diameter of over 18.5 cm. The same experiment is also applied to glass and PET to illustrate the light scattering effect, and because the transmission haze of PET and glass is lower than 1%, the transmitted light is scattered only slightly as visualized by a smaller illuminated area on the target behind the transparent paper. Figure 10(g) indicates the light absorption of transparent paper laminated on a silicon slab. Compared to a bare silicon slab, there is enhanced light trapping in all the prepared samples by approximately 10−18% from 400 to 1000 nm. These results show that (1) both TEMPO-oxidized wood fibers and transparent paper can enhance the broadband absorption efficiency of the silicon slab and (2) transparent paper or TEMPO-treated wood fibers can be applied to a silicon slab with simple coating, dipping, or lamination that depends on the specific application desired.
Conclusions
In this paper, we mainly review the preparation structure, properties, and applications in optoelectronic devices of CNFs in latest research. CNFs paper has huge potential to replace traditional materials such as glasses and plastic. However, there are tremendous challenges [32] including (1) transparent paper nanofabrication challenges with an aim of much higher speed and much lower energy consumption; (2) substrate property improvement including the shape stability, water absorption, and barrier properties to water and oxygen; (3) printing process development and improved properties of printed materials; (4) device fabrication, reliability, and integrations with roll-to-roll processing. We believe that these problems can be overcome sooner or later. For device applications, cellulose nanopaper will give us more flexibility to tune the substrate properties for different applications, such as display, solar cell, and energy storage.
